The multi-step model predictive control can effectively reduce the switching frequency of inverter and improve the efficiency of motor drive system. However, the conventional multi-step model predictive control algorithm is difficult to implement in a short sampling period because of high computational complexity. In this paper, a band-based multi-step predictive torque control (BM-PTC) strategy for permanent magnet synchronous motor (PMSM) drives is proposed. On the one hand, the simplified multistep prediction model for tracking errors of torque and stator flux is derived, and the method of reducing candidate switching sequences by band constraints is proposed, thus the computational complexity of multistep prediction can be significantly reduced. On the other hand, the steady-state control mode and transientstate control mode are designed respectively to ensure that the system has good steady-state and dynamic performance under low switching frequency. Based on a 6-kW PMSM, the feasibility and effectiveness of the proposed strategy are verified by experiments. The proposed strategy can reduce the switching frequency by more than 37% while ensuring high performance.
I. INTRODUCTION
Permanent magnet synchronous motor (PMSM) has the advantages of simple structure, high power density, high reliability and so on. It has been widely applied in elevator driving, electric vehicles, rail transit and other fields [1] , [2] . To improve motor control performance, many advanced control strategies are proposed, such as the neural network control (NNC) [3] , the internal model control (IMC) [4] , the state feedback control (SFC) [5] and so on. In recent years, model predictive control (MPC) has been widely studied and applied in the control of PMSM drives due to its advantages of intuitive concept, flexible design and fast dynamic response [6] - [8] .
The MPC strategies can be divided into continuous control set model predictive control (CCS-MPC) and finite control The associate editor coordinating the review of this manuscript and approving it for publication was Xiaodong Sun . set model predictive control (FCS-MPC). The former needs to obtain continuous input variables with the help of space vector pulse width modulation (SVPWM) technology. Its switching frequency is constant, but it will increase switching loss because of unnecessary switching actions [9] - [11] . The latter directly takes the discrete switching states as the input, without complex space vector modulation process [12] - [14] . The FCS-MPC strategies can be divided into single-step MPC and multi-step MPC according to the prediction horizon. Single-step MPC can only obtain the local optimal solution in one control period, while multi-step MPC can obtain the global optimal solution in a longer prediction horizon [15] . However, the optimization problem of FCS-MPC is a typical integer programming problem, which is generally solved by the exhaustive method. With the increase of the prediction horizon, the calculation burden will increase exponentially [8] . Therefore, the conventional multi-step MPC algorithm is difficult to realize in a short sampling period, VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ which makes it difficult to apply to motor drives. In order to solve the problem of high computational complexity of multistep MPC algorithm, many multi-step MPC strategies have been proposed successively [15] - [20] .
In [15] , [16] , the optimization problem of MPC is transformed into an integer quadratic programming problem, combined with the sphere decoding algorithm, the calculation amount could be significantly reduced. The calculation burden of this strategy is independent of the level number of the inverter, so it can realize the multi-step MPC of the multilevel inverter. However, it is only applicable to the predictive current control (PCC) strategies. In [17] , the move-blocking technology is used to divide the prediction horizon into two parts with different sampling intervals, so as to realize the long prediction horizon while limiting the computational cost. In [18] , before each prediction step, a deadbeat vector is obtained by using the deadbeat algorithm, and then the candidate voltage vectors are selected according to the sector to which the deadbeat vector belongs. In [19] , the branch and bound method is used to screen the switching sequences in the process of optimization, which can reduce the calculation burden by an order of magnitude. In addition, reference [20] simplified the prediction model and completed part of the calculation offline. In the process of online calculation, complex operations such as trigonometric functions were eliminated, thus significantly reducing the computational complexity. However, this algorithm is only applicable to the control of surface-mounted permanent magnet synchronous motor drives.
On the other hand, MPC can achieve multi-objective optimization by constructing a reasonable cost function [21] - [23] . Based on this characteristic, the torque ripple, stator flux ripple and the switching frequency can be considered simultaneously. Studies in [16] , [19] - [21] show that multi-step MPC is feasible and effective in reducing switching frequency. However, reducing the switching frequency by adding the switching frequency into the cost function or by adding relevant constraints will inevitably sacrifice the system's dynamic performance and have a negative impact on the steady-state performance [24] .
In this paper, a band-based multi-step predictive torque control (BM-PTC) strategy is proposed. This strategy can significantly reduce the computational burden of the multistep MPC algorithm, and reduce the switching frequency on the premise of ensuring the system has good dynamic and steady-state performance. The main research contents include: first, a simplified multi-step prediction model of tracking errors of torque and stator flux amplitude is derived, which can significantly reduce the computational complexity in the prediction stage. Second, the band constraints on torque and stator flux amplitude are set with the limits of tracking errors. Then, the fast optimization algorithm based on band constraints is proposed, the candidate switching sequences can be significantly reduced. Meanwhile, the system can maintain good steady-state performance at low switching frequency. Third, different control modes are designed in steady state and transient state respectively to avoid the influence of low switching frequency on dynamic performance. The symbols used in this paper are detailed in Table 1 .
II. MATHEMATICAL MODEL
Based on the two-level voltage source inverter (2L-VSI) fed PMSM drive system, the proposed strategy is studied in this paper. In this section, the physical models of 2L-VSI and PMSM are introduced, and the prediction model of tracking errors of torque and stator flux amplitude is derived.
A. PHYSICAL MODEL OF 2L-VSI
In 2L-VSI, the switching states of IGBT of upper and lower legs are complementary, so the S a , S b and S c are respectively used to represent the switching states of IGBT of three-phase legs, as shown in Fig. 1(a) . ''S x = 1'' means the upper-leg IGBT is in the turn-on state, and the lower-leg IGBT is in the turn-off state, ''S x = 0'' means the upper-leg IGBT is in the turn-off state, and the lower-leg IGBT is in the turn-on state, where x = a, b, c. 2L-VSI has a total of 8 switching state combinations, which can be expressed as the following matrix form
The spatial location of the output voltage vectors corresponding to the 8 switching states in the α-β complex plane is shown in Fig. 1(b) . Where, u 1 -u 6 are active vectors, and u 0 and u 7 are zero vectors. The x-y rotating coordinate system is shown in Fig. 1(b) , the stator flux vector ψ s is aligned on the x-axis. The 6 active vectors u 1 -u 6 in the x-y rotating coordinate system can be expressed as
where P(θ s )
is the Park transformation matrix; u x,i and u y,i are the x-axis component and y-axis component of u i , respectively; U dc is the DC-bus voltage; θ s is the stator flux angle.
B. PHYSICAL MODEL OF PMSM
The proposed strategy belongs to predictive torque control (PTC), which can directly control the torque and stator flux amplitude. In the x-y rotating coordinate system, the derivative model of stator flux amplitude and torque of PMSM can be expressed as [25] , [26] 
where, u x and u y are x-axis and y-axis components of stator voltage vector u s respectively; ψ s is the amplitude of stator flux; T e is electromagnetic torque; p is the number of pole pairs; L d and L q are the direct and quadrature stator inductances respectively. ψ f is the amplitude of permanent magnet flux; δ is the displacement angle between stator and rotor flux, i.e. the load angle; ω r is the rotor flux electrical angular velocity. The K and E are time-varying parameters, varying with ψ s , δ, and ω r . The derivative model of δ and ω r can be expressed as
where, T L is the load torque; J is the moment of inertia of rotor.
C. PREDICTION MODEL OF TRACKING ERRORS
Considering that the cost function of PTC contains the tracking error terms of torque and stator flux amplitude, and the band constraints are set according to the limits of tracking errors in this paper, the prediction model of tracking errors of torque and stator flux amplitude is directly derived in this section.
The tracking errors of stator flux amplitude and torque are defined as (7) where, e T and e ψ are the tracking errors of torque and stator flux amplitude, respectively; ψ ref s and T ref e are the reference values of stator flux amplitude and torque, respectively.
The discrete mathematical models of torque and stator flux amplitude can be obtained by discretization of (3) with forward Euler method, as follows:
where, T s is the sampling period; containing (k) represents the value of the variable at the kT s moment; containing superscript p represents the predictive value of the variable. By default, the reference values of torque and stator flux amplitude remain constant in the prediction horizon. From (7) and (8), the predictive tracking errors of torque and stator flux amplitude at (k + 1)T s moment can be obtained as
Since parameters K and E are time-varying, the predictive tracking errors of torque and stator flux amplitude at (k+2)T s moment can be obtained as
Considering that the mechanical time constant is much larger than the electrical time constant, it can be considered that ω r (k + 1) = ω r (k). Therefore
When the changes of parameters K and E need to be considered, the predictive values of tracking errors of torque and stator flux amplitude at (k + n)T s moment can be obtained by iterative calculation of (10) to (13) . However, if n is relatively large, it will take a lot of extra calculation time.
Fortunately, at steady state, the PMSM system satisfies the following conditions:
1) The rotor flux electrical angular velocity ω r is approximately constant. 2) Since the ripple of stator flux amplitude is very small, the variation of parameters K and E caused by the change of ψ s can be ignored.
3) Since the stator and rotor flux rotate synchronously, the load angle δ is approximately constant. From (4) and (5) , at steady state, the parameters K and E are approximately constant. At this time, it can be derived from (9) with a recursive method that the simplified multistep prediction model of the tracking errors of torque and stator flux amplitude in steady state is as follows 14) or is expressed recursively as follows
where, l = k, k + 1, . . . , k + n.
III. BAND CONSTRAINTS
Similar to the hysteresis bands in direct torque control strategy, the upper and lower bounds are set for the torque and stator flux amplitude respectively as follows In this paper, the band constraints are set for three purposes: first, reduce candidate switching sequences in multi-step prediction, so as to reduce computational complexity; second, ensure that the system has good steady-state performance at low switching frequency; third, judge the state of the system to select control mode.
According to (3), the stator flux amplitude ψ s and torque T e can be controlled by the x-axis component and y-axis component of the applied voltage vector u s respectively. Essentially, the voltage vector u s controls stator flux amplitude and torque by changing the position of the stator flux vector ψ s . As shown in Fig. 2 , when the stator flux vector ψ s is located in the rectangular region centered on the reference stator flux vector ψ ref s , the torque and stator flux amplitude can be guaranteed to meet the band constraints. Therefore, at steady state, only the voltage vectors that can leave stator flux vector in the rectangular region are selected as the candidate voltage vectors, which are represented by the red solid arrows in Fig. 2 , thus realizing the selection of candidate switching sequences. Obviously, the larger the rectangular area is, the more candidate voltage vectors need to be selected for each step of prediction. On the other hand, if the rectangular area is too small, the number of candidate voltage vectors may be zero, leading to no solution for optimization. Therefore, it is necessary to reasonably set the band size through simulation analysis, as shown in Section V-A.
The size of the rectangular region is determined by e max T and e max ψ , so whether the torque and stator flux amplitude exceed the band constraints can be judged directly according to the tracking errors. At steady state, the rectangular region rotates synchronously with the reference stator flux vector. In order to ensure good steady-state performance, the stator flux vector must always be in the rectangular region. Therefore, at steady state, the tracking errors of torque and stator flux amplitude should satisfy the following constraints:
where, l = k, k +1, . . . , k +N p ; N p is the number of prediction steps.
At steady state, since the candidate switching sequences that satisfy the band constraints must be able to limit the tracking errors of the torque and stator flux amplitude to a certain range, it can be considered to add the switch item into the cost function to reduce the switching frequency. Even if the weight coefficient of the switch item is large, the steadystate performance will not be excessively deteriorated.
In the transient processes such as load abruptly changing, the rectangular region may move along the y-axis sharply, causing the stator flux vector to jump out of the rectangular region. Therefore, the voltage vector which can reduce the tracking errors must be selected first so that the stator flux vector can return to the rectangular region as soon as possible. At this time, whether the tracking errors of torque and stator flux amplitude satisfy the constraints (17) can be used to judge the state of the system, and then an appropriate control mode can be selected.
IV. THE PROPODED STRATEGY
In the Section II and Section III, the establishment of tracking error prediction model for torque and stator flux amplitude and the application of band constraints are introduced respectively. On this basis, a band-based multi-step predictive torque control (BM-PTC) strategy is proposed in this section.
The proposed strategy designs different control modes at steady state and transient state.
A. STEADY-STATE MODE
At steady state, the proposed strategy can realize multistep prediction by using the simplified multi-step prediction model (15) of tracking errors and the method of reducing switching sequences via the band constraints (17) . At this time, as shown in the analysis in Section III, the cost function can accommodate both the tracking error term and the switch term, taking into account the requirements of low switching frequency and good steady-state performance simultaneously. It is worth noting that if the cost function only contains the switch item, the normal operation of the motor can still be maintained and the switching frequency can be minimized due to the existence of band constraints. However, in order to make the proposed strategy more general and suitable for high performance occasions, this paper chooses to retain the tracking error item. Therefore, the cost function of the proposed strategy at steady state can be designed as
where, e(l + 1) = e ψ (l + 1) e T (l + 1) T ; Q and λ sw are the weight matrix of tracking error term and the weight coefficient of switch term, respectively. In order to reduce the trigonometric function calculation in multi-step prediction process, the x-axis component and y-axis component of the voltage vector can be calculated by using the average value of stator flux angle in the prediction horizon. The feasibility and limitations of using the average value of voltage vector for multi-step prediction are analyzed in [20] . The parameters of the test motor in this paper are the same as those in [20] , so this paper will not repeat the analysis. Compared with the offline method proposed in [20] , the online computing method in this paper theoretically has a higher accuracy. Considering that the stator and rotor flux rotate synchronously at steady state and the angular velocity is approximately constant, the average value of stator flux angle can be calculated as follow:
Substitute (19) into (2), the average values of x-axis component and y-axis component of each voltage vector in the prediction horizon can be obtained as
Combined with the multi-step prediction model (15), the tracking errors of torque and stator flux amplitude under different switching sequences can be easily calculated iteratively. Considering that the candidate switching sequences need to satisfy the band constraints (17), the optimization problem at steady state is as follows
The optimization problem (21) can be solved by the nested loop algorithm as shown in Fig. 3 . Only the switching sequences satisfying the band constraints can enter the smaller cycle from the larger cycle, rather than completing all the cycles and substituting into the cost function for every switching sequence, so the calculation burden is limited.
It should be noted that the optimal switching sequence U opt (k) obtained by multi-step predictive optimization, only the first element, i.e. S opt (k), is applied to the inverter at kT s moment, and the above process is repeated in the next period to obtain the new optimal switching sequence U opt (k + 1), namely receding horizon optimization strategy.
B. TRANSIENT-STATE MODE
In transient processes, it usually takes a long time for stator flux vector to return to the rectangular region shown in Fig. 2 . Therefore, band constraints cannot be used to select the candidate switching sequences, resulting in difficulty in realizing multi-step prediction. In addition, the dynamic response capability must be sacrificed if reducing switching frequency is considered. Therefore, at transient state, the control objective is to quickly reduce the tracking errors, and the single-step prediction is adopted. The cost function can be designed as
where, λ ψ is the flux weight coefficient. The optimization problem in transient state is as follows
The optimization problem (23) can be solved via exhaustive search.
C. IMPLEMENTATION OF THE PROPOSED STRATEGY
The block diagram of the proposed PTC strategy is shown in Fig. 4 . In this strategy, the stator flux vector ψ s can be observed by the stator flux estimator with a low-pass filter [27] , as shown in Fig. 5 . Where, ω c is the cutoff frequency of the low-pass filter, which can be calculated as follows:
where, i α , i β , u α , u β , ψ α , and ψ β are the α-axis component and β-axis component of the stator current vector i s , stator voltage vector u s , and stator flux vector ψ s , respectively; R s is the stator resistance. Generally, γ can be set within 0.1 to 0.5 [27] . The torque can be calculated as follows The proposed PTC algorithm can be realized through the following procedure:
1) Detect the stator current i s , and estimate the torque T e and stator flux ψ s at kT s moment. 2) Calculate the tracking errors e T and e ψ at kT s moment via (7) , and calculate the parameters K and E via (4) and (5). 3) Judge e T (k) and e ψ (k) whether meet the constraint (17) to select control mode. If meet (17), select steady state mode and skip to step 4, otherwise select transient state mode and skip to step 6. 4) Predict the tracking errors e T (k + n) and e ψ (k + n) under different switching sequences U(k) via multistep prediction model (15) , at the same time, select the candidate switching sequences that satisfy the band constraints (17) . This process is based on the nested loop algorithm as shown in Fig. 3 . 5) Choose the optimal switching sequence U opt (k), which minimizes the cost function (18) , from the candidate switching sequences left after screening, and apply its first element S opt (k) to the inverter. This is the end of the steady state optimization. 6) Predict the tracking errors e T (k + 1) and e ψ (k + 1) under different switching states S i via (9) . Choose the optimal switching state S opt (k) which minimizes the cost function (22) and apply it to the inverter. This is the end of the transient state optimization.
At the next time step, i.e. (k + 1)T s moment, repeat the above procedure.
V. SIMULATION ANALYSIS
The algorithm implementation of the proposed strategy requires offline tuning of some parameters, such as the band size and various weight coefficients. The tuning method of the weight coefficient used to balance the torque and stator flux is very mature in the conventional PTC (C-PTC) strategy [28] . Therefore, the tuning method of the band size and the weight coefficient of switch term is mainly analyzed by simulation in this section. The PMSM used in the simulation is the same as that used in the subsequent experiments. The relevant parameters are shown in Table 2 .
In this paper, the sampling period is set to T s = 50µs; The prediction steps of the proposed strategy at steady state is set to N p = 3. In order to reduce the idling loss, the reference value of the stator flux amplitude is set to ψ ref s = ψ f . The torque ripple and stator flux ripple can be evaluated by their respective standard deviations σ T and σ ψ , which can be calculated as
where, n is the number of samples, e.g. n = 6 × 10 4 in this paper.
The average switching frequency f sw of 2L-VSI can be calculated as (27) where, N sw is the total number of switching instants of all inverter legs during a fixed period T m , e.g. T m = 1s in this paper.
A. DETERMINATION OF THE BAND SIZE
According to the analysis in the section III, the reasonable setting of the band size is crucial to the implementation of the proposed strategy. The method to determine the appropriate band size by simulation analysis is introduced in this section. The principle is as follows: first, remove the switch term in the cost function (18) , and take into account only the tracking errors of the torque and stator flux amplitude. It can be sure that the optimal sequence obtained by exhausting all switching sequences must be able to minimize the torque and stator flux ripples. Then, gradually reduce the band size, and the remaining switching sequences after band screening will be less and less, until the torque and stator flux ripples show an upward trend, indicating that the band size is too small at this time, thus the optimal sequence may be excluded. The band size corresponding to the critical point at which the torque and stator flux ripples increase can be used as a reasonable set value.
Assume that the sizes of e max T and e max ψ are as follows
where, T eN and ψ sN are the rated values of the torque and stator flux amplitude, respectively. In this paper, ψ sN = ψ f ; r is the band coefficient, the smaller the r is, the smaller the band is. The average number of the candidate switching sequences remaining after the band screening is defined as c. The trends of c, σ T , and σ ψ decreasing with the r are shown in the Fig. 6 . It can be seen that when r is greater than 0.03, although the remaining switching sequences are gradually reduced as the r decreases, the torque and stator flux ripples are substantially unchanged. When r is less than 0.03, the optimal switching sequence may be excluded at some moment, resulting in increased torque and stator flux ripples. When r continues to decrease, there may be a case where the number of remaining switching sequences is zero. In this case, since the optimization has no solution, the switching state will be unchanged for a long time, and finally the system is out of control. In summary, this paper can set e max T and e max ψ to 0.03T eN and 0.03ψ sN , respectively. The number of the candidate switching sequences can be reduced from 216 to about 12 in the three-step prediction, which can significantly reduce the computational burden.
It is worth noting that the values of torque and flux band size are related to motor parameters and control parameters. It is necessary to adjust the band size offline. And the method to adjust the band size by simulation analysis introduced in this paper is applicable to other motors.
B. DETERMINATION OF THE λ sw
After setting the band size reasonably, the switch term can be re-added to the cost function (18) . The influence of weight coefficient λ sw on control performance is analyzed through simulation results in this section.
Considering that the average switching frequency f sw of the inverter is less affected by the load, and is mainly related to the motor speed and the weight coefficient λ sw . Fig. 7 shows the variation curves of f sw , σ T , and σ ψ with respect to the weight coefficient λ sw at different speeds. It can be seen that when λ sw is within 0 to 20, the average switching frequency f sw decreases significantly as λ sw increases. In addition, due to the existence of band constraints, when λ sw is large to a certain extent, e.g. λ sw = 20, the torque and stator flux ripples tend to be stable even if λ sw continues to increase. So the protective effect of band constraints on steady-state performance is also verified.
Specifically, the appropriate λ sw can be selected within 0 to 20 according to the performance requirements. For example, when λ sw is set to 5, the torque and stator flux ripples will only increase by less than 4%, but the switching frequency can be reduced by more than 30% and 23% at low-speed and high-speed conditions, respectively. When λ sw is set to 20 or more, the switching frequency can be reduced by more than 40% and 34% under low-speed and high-speed conditions, respectively.
VI. EXPERIMENTAL RESULTS
In order to verify the feasibility and effectiveness of the BM-PTC strategy, this paper conducts an experimental study on a 6-kW PMSM. The parameters of the PMSM are shown in Table 2 . The experimental setup is shown in Fig. 8 . The load is supplied by an 11.2-kW induction motor controlled by the SINAMICS S120. The control system employs a TMS320 F28335 DSP and an EP3C40Q240C8N FPGA.
Due to the calculation delay, the optimal switching state predicted by the kth period can only be output at (k + 1)T s moment. In this paper, a model-based compensation method is applied, as proposed in [29] .
In addition, it should be noted that the band size of BM-PTC is small in order to reduce the number of the candidate switching sequences at steady state. Therefore, it is not guaranteed that the number of candidate sequences will not be 0 in the multi-step optimization. In this paper, a safeguard measure is set in the algorithm in experiment. When the number of candidate sequences is 0, it will automatically jump to the transient-state control mode.
A. COMPARISON OF COMPUTATIONAL BURDEN
Compared with the C-PTC, the proposed strategy reduces the computational complexity by simplifying the prediction model and reducing the candidate switching sequences.
The prediction model of torque and stator flux of PMSM for C-PTC strategy is described in [30] . Table 3 compares the computational complexity of the conventional prediction model (CPM) with the simplified prediction model (SPM) presented in this paper by comparing the computational amount required to predict the tracking errors of torque and stator flux amplitude in the C-PTC optimization algorithm. In the C-PTC algorithm, the prediction model needs to be calculated 6+6 2 +· · ·+6 N p times. Since the parameters K and E of the SPM only need to be calculated once during the entire prediction procedure, the statistics in the Table 3 ignored the calculations of K and E. It can be seen that the computational complexity of the SPM is significantly lower than the CPM. Table 4 compares the computational burden of the C-PTC and the BM-PTC in the optimization process. For C-PTC, except for the execution time of the AD sampling program, the speed measurement program, and the flux observer program, the execution time of optimization algorithm is positively correlated with the number of voltage vectors, e.g. 6+6 2 +· · ·+6 N p . For BM-PTC, since the number of the candidate switching sequences remaining after screening is not fixed, the execution time of the optimization algorithm is also not fixed. Obviously, as the prediction steps increases, the BM-PTC has an increasingly larger computational advantage than the C-PTC. In the 50-µs sampling period, the C-PTC can only achieve single-step prediction, and the BM-PTC can achieve three-step prediction.
B. COMPARISON OF STEADY-STATE PERFORMANCE
In this paper, based on the simulation analysis results in Section V, the relevant parameters of the proposed algorithm are configured, i.e. e max T and e max ψ are set to 0.03T eN and 0.03ψ sN , respectively, and λ sw is set to 5 and 20 in turn. The steady-state performance of the proposed algorithm was verified by two sets of experiments. Fig. 9 and Fig. 10 show the steady-state experimental waveforms of C-PTC and BM-PTC under 50r/min, 25N·m and 200r/min, 100N·m conditions, respectively, including torque, stator flux amplitude and stator current. At the same time, Fig. 11 shows the comparison of experimental data for different strategies, including the average switching frequency f sw , the standard deviation of torque σ T , the standard deviation of flux σ ψ and the total harmonic distortion of stator current i THD . It can be seen that when λ sw = 5, the steady-state performance under the BM-PTC strategy are slightly better than C-PTC. Meanwhile, compared with C-PTC, the switching frequency of BM-PTC is reduced by 30.4% and 25% at low-speed and high-speed conditions, respectively. Even though λ sw is relatively small, the improvement of steadystate performance is not obvious because the duration of the voltage vector is at least one sampling period. Therefore, the multi-step prediction is more useful to reduce switching frequency than to improve steady-state performance. When λ sw = 20, the torque, stator flux and current quality under the BM-PTC strategy are slightly worse than C-PTC, but the overall steady state performance is still good. Compared with C-PTC, the switching frequency of BM-PTC can be reduced by 42.9% and 37.5% under low-speed and highspeed conditions, respectively.
The above experimental results show that the proposed strategy can significantly reduce the switching frequency while ensuring good steady-state performance.
C. COMPARISON OF DYNAMIC PERFORMANCE
The dynamic performance of the proposed strategy is independent of the switch term weight coefficient λ sw due to the existence of transient state control model. Therefore, the dynamic performance of the proposed strategy is theoretically the same as that of C-PTC. Fig. 12 (a) and Fig. 12(b) show the transient experimental waveforms of the C-PTC and BM-PTC during the process of increasing the speed from 50r/min to 200r/min, respectively. The speed response times of the C-PTC and BM-PTC in the whole speed increasing process are 302ms and 304ms, respectively; the torque response times of the C-PTC and BM-PTC in the torque stepping process are 2.72ms and 2.71ms, respectively. Obviously, the BM-PTC has a similar dynamic response capability as the C-PTC.
VII. CONCLUSION
In this paper, a band-based multi-step predictive torque control strategy for PMSM drives is proposed. Based on the simplified multi-step prediction model of tracking errors and the method of reducing candidate switching sequences by using band constraints, the proposed strategy can achieve three-step prediction within 50µs. Compared with the C-PTC, the proposed strategy can reduce the switching frequency by more than 37%, and keep good dynamic and steady-state performance at the same time. Therefore, the proposed strategy is feasible and effective in achieving multi-step prediction and reducing switching frequency.
The main contributions of this paper include: first, the time-varying characteristics of parameters of the PMSM model is analyzed, and a simplified multi-step prediction model of tracking errors of torque and stator flux is derived. Second, a method for reducing the candidate switching sequences by using band constraints is proposed, and how to properly configure the band size is analyzed. Third, different control modes are designed in transient and steady state respectively, which can ensure that the system has good dynamic and steady-state performance at low switching frequency. She is currently a Professor with the College of Electrical Engineering, Zhejiang University. Her current research interests include electrical machines and their control systems, power electronics, and electric drives.
